Abstract
Introduction
Over the last years, it has been established that the human heart harbours populations of cardiac progenitor cells that reside in the interstitial space in the myocardium [1] [2] [3] [4] . These progenitor cells are thought to participate in maintenance and repair of the heart muscle [5, 6] [7] [8] [9] .
. Therefore, progenitor cells need to (i) proliferate, (ii) migrate out of their niche and (iii) locally form new cardiac tissue by differentiating into cardiomyocytes, endothelial cells and vascular smooth muscle cells. The cues for these three processes are provided by the immediate environment of the progenitor cells. After myocardial infarction (MI) extensive regeneration of the ischemic area is required. Progenitor cells in the heart itself, or introduced via cell transplantation, will immediately be exposed to hypoxia. Oxygen tension is an important stimulus that has received increasing recognition for its ability to influence gene expression and to affect the characteristics of various types of progenitor cells

Although a few studies describe the use of oxygen as a signalling molecule that can influence the survival, proliferation and differentiation of cells, the effect of oxygen on cardiac progenitor cell behaviour is not yet studied.
Under hypoxic conditions enhanced proliferation has been reported for bone marrow-derived mesenchymal stem cells [10, 11] , skeletal muscle satellite cells [7, 12, 13] and central nervous system derived stem cells [12, 14, 15] . In the same stem cell populations reduced apoptosis was observed under low oxygen conditions [12, 14, 16] . Interestingly, the effects of hypoxia on differentiated cell types are more diverse; for example, cardiomyocytes show increased apoptosis under hypoxia [17] , whereas endothelial cells are able to survive a hypoxic environment [18] . However, analysing ischemia/reperfusion induced cell death in rat hearts showed that hypoxia activated programmed cell death occurs in cardiomyocytes and endothelial cells in vitro and in the injured myocardium [19] .
Besides survival and proliferation also migration of cells can be influenced by the oxygen tension as shown for bone marrow cells [16] and endothelial cells [20] . Additionally, in some situations hypoxia is reported to affect cell differentiation: skeletal muscle differentiation was enhanced in low oxygen conditions [13] , whereas e.g. adipocyte differentiation was reduced [13, 21] [3, 22] . In vitro these hCMPCs maintain their progenitor cell characteristics under normal culture conditions. [3, 23] . Culturing of CMPCs on matrigel with the addition of vascular endothelial growth factor resulted in the formation of vessel-like structures and the differentiation into endothelial cells and smooth muscle cells [3, 23] . Interestingly, when undifferentiated hCMPCs were injected into the infarcted mouse heart, we observed that these cells proliferate, migrate through the tissue and locally differentiate into cardiomyocytes and vessel-like structures [24] . This observation is particularly important because it shows that the ischemic heart provides the correct environmental cues for regeneration. Additionally, injection of hCMPCs stimulated the formation of mouse blood vessels in the infarcted area and infarct border zone, showing a paracrine effect of progenitor cells on their surroundings [24] 
However, when the cells are stimulated in vitro with 5-azacytidine and transforming growth factor (TGF)-␤, hCMPCs change into beating cardiomyocytes with organized sarcomeric structures, a ventricular like action potential and capable of gap junctional communication
Materials and methods
Cell culture hCMPC
Human foetal hearts were collected after elective abortion based on individual informed consent and after approval by the Medical Ethics committee of the Leiden University Medical Center. The investigation conforms to the principles outlined in the Declaration of Helsinki. hCMPCs were isolated using magnetic cell sorting and cultured as described previously [3, 22] . For all experiments hCMPCs (passages [10] [11] [12] [13] [14] [15] 
Proliferation and cell numbers
Spheroid sprouting assays
Spheroids were formed as described previously [25] 
Paracrine factors Zymography
Zymography was performed as described previously [26] . 
Results
Hypoxia induces hCMPC proliferation
Because hypoxia has been shown to induce the proliferation of several progenitor cell types [7] [24] . To gain more insight into the pro-angiogenic activity of hypoxic hCMPCs, we analysed the secretome of hCMPCs cultured under hypoxic or normoxic conditions using an angiogenic antibody array. Several proteins were found to be differentially expressed, which we confirmed using ELISA and RT-qPCR. Although the release of large amounts of MCP-1 (Fig.  3A) , active TGF-␤ (Fig. 3B ) and IL-8 (Fig. 3C ) was decreased when hCMPCs were cultured under hypoxic conditions, low oxygen stimulated the secretion of VEGF-A (Fig. 3D) and increased VEGF-A mRNA expression (Fig. S1A) . Although the expression of PDGF-BB mRNA increased under hypoxia (Fig.  S1B) , there was no difference in its secretion (Fig. 3E) . hCMPCs secrete more PlGF under normoxic conditions than under hypoxic conditions. (Fig. 3F) , as was observed for PlGF mRNA expression (Fig. S1C) Fig. 4A and B) .
Hypoxia stimulated the migration and invasion of hCMPCs
The ability of progenitor cells to move through (scar) tissue is important for cells to reach the area that requires repair. Therefore we analysed the migration and invasion capacity of hCMPCs under hypoxia. Using a 2D scratch assay, we observed increased motility of hypoxic hCMPCs, resulting in a closure of 86%, whereas under normoxic conditions 41% was closed (
To determine whether hCMPCs secrete factors that would influence their migration, we performed a scratch assay in the presence of CM of normoxically or hypoxically grown hCMPCs. In the presence of 1% O2-CM, hCMPCs were able to close 49% of the scratch whereas in the presence of 20% O2-CM only 36% was closed (Fig. 4C) . Additionally, using a Boyden chamber assay, we observed that significantly more hCMPCs migrated towards 1% O2-CM when compared to 20% O2-CM (Fig. 4D) (Fig. 4E) form sprouts (Fig. 5A) . When performing this assay under hypoxic conditions, we observed a significant increase in the number of sprouts invading the collagen layer and a decrease in the average length of the hypoxic sprouts (Fig. 5A-C) . [27, 28] . Using zymography and RT-qPCR we observed that hCMPCs express high levels MMP-2 mRNA and secreted large amounts of MMP-2 protein (Fig. 6A and Fig. 6A and B) . Fig. 6C and D) , but the increase in expression was less pronounced when hCMPCs were grown under hypoxic conditions. Although TSP-1 significantly increased under hypoxia (Fig. 6E and G) , the most striking difference in expression level of the matrix modulators was observed for TSP-2 mRNA, increasing 26-fold after 9 days of culture under hypoxic conditions (Fig. 6F) , which was translated in an increased secretion of TSP-2 under hypoxia (Fig. 6G) .
Because hCMPC are shown to have a paracrine effect on their surroundings, we examined the effect of hCMPCs secreted proteins on the sprouting capacity of endothelial cells. HUVEC spheroids were formed, and subsequently grown in the presence of hypoxic or normoxic CM of hCMPCs. 1% O2-CM induced significantly more sprouts than 20% O2-CM (Fig. 5D). However, there was no difference in the mean length of a HUVEC sprout between the conditions (Fig. 5E). These data suggest that under hypoxia, hCMPCs release paracrine factors that induce migration and invasion of both cardiac progenitor cells and endothelial cells.
Prolonged exposure to low oxygen tension inhibits hCMPC growth and migration
Because repair of ischemic damage of cardiac tissue takes longer than 1 day we also explored the effects of prolonged (6 and 9 days) exposure to hypoxia on the different aspects of migration. Because ECM modulators are important for the migration of (progenitor) cells through cardiac tissue, we determined the effect hypoxia had of MMP-2 and -9, and the MMP inhibitors TIMP and TSP
B). Culturing hCMPCs under hypoxic conditions did not affect the MMP-2 gene expression nor the MMP-2 protein secretion (
MMP-9 protein or mRNA levels were below the detection level in all conditions analysed (data not shown). The expression of TIMP-1 and TIMP-2 increased in time in both hCMPCs cultures compared to day 0 (
To investigate whether these observed changes in ECM remodelers affect cellular behaviour, we performed a scratch assay after © 2011 The Authors Journal of Cellular and Molecular Medicine © 2011 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd
Fig. 4 Migration capacity of hCMPCs is enhanced by hypoxia. hCMPCs secrete factors under hypoxia that improve the migration. (A) Representative pictures of cell migration after 4 hrs in scratch assay; hCMPCs migrate faster under hypoxia than under normoxia. (B) Quantification of migration in (A). (C) 1% O2-CM induced more migration than 20% O2-CM when the scratch assay was performed in 20% O2. (D) A Boyden chamber assay shows increased migration of hCMPCs towards 1% O2-CM. The number of migrated cells was normalized to unconditioned medium. (E) Gene expression of remodelers of ECM after 1 day of culturing was not significant influenced by hypoxia, except for TSP-2 mRNA expression which was increased under hypoxia. ␤-actin was measured as a housekeeping gene, and data were normalized to day 0 expression. *Significant difference between normoxia and hypoxia.
prolonged culture. After 9 days of normoxic culture, hCMPCs migrate slower (Fig. 6H) compared to 1 day (Fig. 4B) (Fig. 6H) . (Fig.  7E) (Fig. 7F and G) , a more striking effect was seen for MMP-9. Although MMP-9 was hardly detectable in empty vector transduced hCMPCs, TSP-2 knockdown resulted in enhanced secretion of MMP-9 ( Fig. 7F and H) . growth factor expression like VEGF, which has been reported to influence the migration of endothelial cells [29] and is regulated by hypoxia [30, 31] . Induced migration was also described for hypoxic CM of MSCs and adipo-derived stem cells, which was at least partly explained by the up-regulation of VEGF [8, 32] . In our experiments, medium conditioned by hypoxic cultured hCMPCs stimulated the migration of hCMPCs more than normoxic CM.
Thus, prolonged low oxygen levels inhibit TIMPs whereas the expression especially of TSP-2 is increased and hCMPC migration is significantly reduced.
TSP-2 controls the proliferation and migration of hCMPCs
Because hypoxia strongly induced TSP-2 expression, we explored the function of TSP-2 by lentiviral knockdown of TSP-2 levels in hCMPCs (Fig. 7A). As previously observed, hypoxia induced the proliferation of hCMPCs transduced with an empty vector control. Interestingly, TSP-2 knockdown cells showed enhanced proliferation under normoxia and now had the same growth rate as TSP-2 cells grown under hypoxia (Fig. 7B). Migration of shTSP-2-hCMPCs was significantly enhanced under both normoxic and hypoxic conditions and as observed for cell proliferation, hypoxia no longer increased the migration of the shTSP-2-hCMPCs (Fig. 7C). Finally, we analysed the role of TSP-2 knockdown on migration and invasion in a 3D spheroid assay. Interestingly, knockdown of TSP-2 altered the capacity of hCMPCs to form spheroids, leading to very loose irregular aggregates (Fig. 7D) that easily dissociated into loose cells when seeded into the collagen matrix. From those that were correctly embedded into the 3D collagen gel, we found 21% of the TSP-2 knockdown hCMPC spheroids on the bottom of the well-compared to 10% of the control spheroids
Discussion
The aim of this study was to investigate the effect of low oxygen tension on the cellular behaviour of hCMPCs. We found that short exposure to hypoxia enhanced the migration and invasive capacity of the cells. In contrast, prolonged hypoxia inhibited cell migration, but induced the proliferation of hCMPCs. Importantly low oxygen tension increased the production of pro-angiogenic and anti-inflammatory factors by hCMPCs, and affected matrix degradation. The primary response of human cardiac progenitor cells exposed to an ischemic environment is an enhanced migration. This improved motility may be partially explained by an increase in
This corresponded with the presence of higher levels of VEGF in the medium. Intriguingly, the overall migration level using hypoxic CM was lower compared to the migration performed under complete hypoxia. This means that the effect can only partially be explained by hypoxia induced secretion of growth factors, and a portion of the effect has to be attributed to a change in cellular characteristics.
Short-term hypoxia indeed induced the expression of Slug and Snail, genes known to be involved in mesenchymal transition. This phenomenon is well described for epithelial cells to become more migratory [33] . A recent study shows that Snail expression increases in low oxygen culture and enhances the motility of cancer cells [34] .
Prolonged exposure of hCMPCs to a hypoxic environment inhibited cell migration. This could be explained by the increased production of inhibitors of matrix degradation we observed. Cell migration requires controlled degradation of the ECM by MMPs and their modulators [35] and the expression of these MMPs and their modulators are cell type and tissue specific [36] . After MI mainly the roles of MMP-2, MMP-9, TIMP-1, TIMP-2, TSP-1 and TSP-2 are explored [36] [37] [38] [38] . Especially the levels of TSP-2 were tremendously increased in long-term hypoxic hCMPCs. The role of TSP-2 in migration has been established previously by analysing fibroblast from TSP-2 deficient mice, MacLauchlan and coworkers described enhanced migration of these cells. Furthermore, increased wound healing was observed in TSP-2-null mice, which was mediated by increased activity of MMP-2 and MMP-9 [44] [7, 12, 13] , bone marrow derived mesenchymal stem cells [10, 11, 50] and the CD34 ϩ bone marrow progenitor population [12, 49] . vascular leakage in microvessels [52, 53] , and important for the formation of new stable vessels [51] [24, 55] . [56] . IL-8 is has been implicated in a number of inflammatory diseases involving neutrophil activation [56] . MCP-1 is involved in the pro-inflammatory response after injury, and is an important factor in the pathogenesis of myocardial ischemia reperfusion injury, atherosclerosis and a variety of inflammatory diseases, whose pathogenesis is known to involve infiltration and activation of monocytes and lymphocytes [57, 58] . Also TGF-␤ is pro-inflammatory [56] . TGF-␤1 elicits a direct chemotactic response from neutrophils and monocytes, which may be important for the movement of infiltrating leucocytes into injured tissue [59, 60] [8, 24, 55, 63] .
. The expression of ECM modulators in progenitor cells is not fully elucidated, but there are several reports that show an increased expression of mainly MMP-2 and TIMP-1 [39-43]. Disturbing the balance between ECM production, degradation, and remodelling can result in an impaired migration of progenitor cells. We observed that hypoxia affect the expression of TIMP-1 and TIMP-2 and increased the expression of TSP-1 and TSP-2, factors known to decrease MMP activity
Fig. 6 Long-term exposure to hypoxia inhibits CMPC migration via increased expression of the ECM modulator TSP-2. (A) The expression of MMP-2 in cells was determined via RT-qPCR and was not influenced by hypoxic conditions. (B) Secretion of MMP-2 in CM was demonstrated by zymography. The expression TIMP-1 (C), TIMP-2 (D), TSP-1 (E) and TSP-2 (F) was measured by RT-qPCR. (G) Secretion of TSP-1 and TSP-2 is increased when hCMPCs are exposed to hypoxia for 9 days. (H) After
After 9 days of hypoxia we also observed a decreased production of IL-8, MCP-1 and TGF-␤. Reduction of these pro-inflammatory cytokines may dampen an inflammatory response e.g. after MI
In 
